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Carbonic anhydrase XII (CA XII) is a transmembrane glycoprotein
with an active extracellular CA domain that is overexpressed on cell
surfaces of certain cancers. Its expression has been linked to tumor
invasiveness. To characterize its catalytic properties, we purified
recombinant secretory forms of wild-type and mutant CA XIIs. The
catalytic properties of these enzymes in the hydration of CO2 were
measured at steady state by stopped-flow spectrophotometry and
at chemical equilibrium by the exchange of 18O between CO2 and
water determined by mass spectrometry. The catalysis of CO2

hydration by soluble CA XII has a maximal value of kcatyKm at 34
mM21zs21, which is similar to those of the membrane-associated CA
IV and to soluble CA I. The pH profiles of this catalysis and the
catalyzed hydrolysis of 4-nitrophenylacetate indicate that the pKa

of the zinc-bound water in CA XII is 7.1. His64 in CA XII acts as a
proton shuttle residue, as evidenced by the reduced rate constant
for proton transfer in the mutants containing the replacements
His643 Ala and His643 Arg, as well as by the selective inhibition
of the proton transfer step by cupric ions in wild-type CA XII. The
catalytic rate of CO2 hydration by the soluble form of CA XII is
identical with that of the membrane-bound enzyme. These obser-
vations suggest a role for CA XII in CO2yHCO3

2 homeostasis in cells
in which it is normally expressed. They are also compatible with a
role for CA XII in acidifying the microenvironment of cancer cells in
which CA XII is overexpressed, providing a mechanism for CA XII to
augment tumor invasiveness and suggesting CA XII as a potential
target for chemotherapeutic agents.

Carbonic anhydrase XII (CA XII) is a recently identified
mammalian CA that was initially discovered because its

mRNA was overexpressed in renal cell cancers (1) and in a lung
cancer cell line (2). Independently, its mRNA was discovered as
one of the transcripts subject to regulation by the VHL tumor
suppressor gene (3). This observation may explain the up-
regulation of CA XII in renal cell cancers, because many renal
cell carcinomas show loss of expression of the VHL tumor
suppressor (4). That CA expression might be linked to tumor
invasiveness was suggested by several authors (1, 5, 6) and
supported by recent experiments demonstrating in an in vitro
assay that acetazolamide inhibited invasiveness of several CA-
expressing tumor cell lines (7).

The possible importance of CA XII in the spread of certain
cancers led us to verify that CA XII is catalytically active, to
characterize its kinetic properties, and to use site-directed
mutagenesis to explore the role of the conserved proton shuttle
residue His64 in catalysis (8). Detailed kinetic studies were
carried out on secretory forms of wild-type and mutant CA XII
isolated from media of cells overexpressing recombinant pro-
teins, and also on the membrane form of wild-type CA XII
present in membranes isolated from cells overexpressing the
recombinant wild-type protein. These studies show that CA XII
is an active isozyme whose catalytic properties resemble those of
the membrane-associated isozyme CA IV. These studies make it
likely that CA XII actually plays a role in CO2ybicarbonate

homeostasis, as opposed to other CA-like proteins that are
associated with cancer but use a conserved, although enzymat-
ically inactive, CA domain for other physiological purposes such
as ligand binding (9, 10).

Materials and Methods
Construction of Secretory and Mutant cDNAs for Human CA XII. The
full-length cDNA for CA XII in pBluescript (1) was used to
generate the Q291X secretory form of CA XII by site-directed
mutagenesis. The 260-residue CA domain in the CA XII pre-
cursor is preceded by a 29-residue signal sequence that is not
present in the mature protein. A cytosine at nucleotide 871
(counting the A in the initiator ATG as 11) was mutated to a
thymine (C 3 T), changing a glutamine (CAA) at position 291
to a stop codon (TAA). The resulting protein would no longer
retain the transmembrane and C-terminal cytoplasmic domains.
The His643 Arg mutant (H64R) of Q291X CA XII was made
by changing an adenine at nucleotide 281 to a guanine (A3G).
The numbering of this conserved His residue is based on the
His64 of the 260-residue conserved CA domain. The histidine 64
to alanine (H64A) mutant was made by changing a cytosine at
nucleotide 280 to a guanine (C 3 G) and an adenine at
nucleotide 281 to a cytosine (A 3 C). All mutants were made
using a Chameleon double-stranded site-directed mutagenesis
kit (Stratagene).

Construction of Mammalian Expression Vector. The cDNA of the
wild-type, full-length membrane form of CA XII and the secre-
tory form (Q291X CA XII) and its H64A and H64R mutant
derivatives were digested with EcoRI. The digested fragments
were gel purified by Qiaex II kit (Qiagen, Chatsworth, CA) and
subcloned into the mammalian expression vector pCXN at the
EcoRI site (11).

Development of Stable Clones. Wild-type, membrane-bound CA
XII, Q291X CA XII, and H64R and H64A mutants of Q291X
CA XII in pCXN were linearized by ScaI digestion and trans-
fected into CHO-K1 cells by electroporation under conditions of
25 mF and 1,200 V in a 0.4-cm cuvette by using the Bio-Rad
electroporation system. After 2–3 weeks with G418 (400 mgyml),
stable clones were picked and grown to confluency. Cell lysates
and media were analyzed by Western blot using polyclonal CA
XII antibody (1). The CA activity in cell lysates and media was
determined by using the endpoint titration assay method of
Maren (12, 13). Catalytic and Western blot assays showed that
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Q291X CA XII and both H64R and H64A mutants of Q291X
CA XII stably expressed in CHO-K1 cells were secreted in the
medium. The integral membrane form of wild-type CA XII was
studied in membrane suspensions from CHO cells expressing
wild-type CA XII.

Purification of Soluble HCA XII from Secretion Media. The Q291X CA
XII secretory form of wild-type and His64 mutant of Q291X CA
XII were purified from secretion media by using a CA inhibitor
affinity column as described (14) with the following modifica-
tions. Secretion medium was adjusted to a final concentration of
10 mM Hepes (pH 7.5) and applied to a p-aminomethylben-
zenesulfonamide-agarose (Sigma) column. The affinity column
was equilibrated with 10 mM Hepes (pH 7.5) buffer. Unbound
proteins were removed by washing extensively with 10 mM
Hepes (pH 7.5) buffer. The bound enzyme was eluted with 0.1
M sodium acetate (pH 5.6) and 0.5 M sodium perchlorate.
Fractions containing enzyme were pooled and concentrated by
Centricon-10 units, and concentrated enzyme preparations were
dialyzed against 10 mM TriszSO4 (pH 7.4) buffer. Based on
SDSyPAGE, the affinity-purified enzyme was more than 90%
pure. For antibody production, the affinity-purified enzyme
was further purified over an S-300 sizing column (Amersham
Pharmacia).

CA XII Antibody Production. Purified Q291X CA XII (200 mg in 0.5
ml of phosphate buffer saline) was mixed with an equal volume
of Freund’s complete adjuvant before injection into a rabbit (14).
Preimmune serum was collected before antigen injection. After
4 weeks, each rabbit was boosted by injection of 200 mg purified
Q291X CA XII in incomplete Freund’s adjuvant. Animals were
bled 12 days after the second injection. The titer of the serum was
checked by Western blot using purified Q291X CA XII enzyme
and antibody was detected to dilutions of 1:10,000. Specificity of
the antibody for CA XII was documented by Western blot (6).

Enzyme. The concentration of active sites was determined by
titration of the 18O exchange activity of the enzymes with the
tight-binding inhibitor ethoxzolamide (Ki 5 2 nM for wild-type
CA XII).

Oxygen-18 Exchange. Oxygen-18 exchange was used to measure
catalysis by CA XII. The catalyzed and uncatalyzed rates of
exchange of 18O from species of CO2 into water and the rates of
exchange of 18O between 12C- and 13C-containing species of CO2
were measured at chemical equilibrium by mass spectrometry.
Eqs. 1 and 2 demonstrate the catalytic pathway for the exchange
of 18O from bicarbonate to water. In Eq. 2, BH is a buffer in
solution andyor an amino acid side chain in the enzyme.

HOCO18O2 1 EZnH2O% EZn18OH2 1 CO2 1 H2O [1]

EZn18OH2 1 BH% EZn18OH2 1 B2% EZnH2O

1 H2
18O 1 B2 [2]

This method is capable of determining two rates in the catalytic
pathway. The first is R1, the rate of interconversion of CO2 and
HCO3

2 at chemical equilibrium.

R1y@E# 5 kcat
ex @S#y~Keff

S 1 @S#! [3]

Here [E] is the total enzyme concentration, kcat
ex is a rate constant

for maximal HCO3
2 to CO2 interconversion, [S] is the substrate

concentration of HCO3
2 andyor CO2, and Keff

S is an apparent
substrate binding constant (15). This equation, when applied to
the data for varying substrate concentration, or to measurement
of R1 when [S] ,, Keff

S , can determine the values of kcat
ex yKeff

S . In

both theory and practice, kcat
ex yKeff

CO2 is equivalent to kcatyKm for
CO2 hydration as measured by steady-state methods (15, 16).

The second rate determined by this method is RH2O, the rate
of release from the enzyme of water labeled with 18O, which is
shown in Eq. 2. A proton donated from a donor group BH
converts the zinc-bound hydroxide to zinc-bound water, which
readily exchanges with unlabeled water. The 18O label is essen-
tially infinitely diluted into the solvent H2

16O. The value of RH2O
can be interpreted in terms of the rate constant from a predom-
inant donor group to the zinc-bound hydroxide according to Eq.
4 (17), in which kB is the rate constant for proton transfer to the
zinc-bound hydroxide, KB is the ionization constant for the
donor group, and KE is the ionization constant of the zinc-bound
water molecule.

RH2Oy[E] 5 kBy$~1 1 KBy@H1#!~1 1 @H1#yKE!% [4]

Measurements of the rate of distribution of 18O were made with
an Extrel EMX-200 mass spectrometer and a membrane-inlet
permeable to dissolved gases (16). Solutions contained 5 mM
EDTA (except for measurement of Cu21 inhibition) and the
total ionic strength of solution was maintained at 0.2 M by the
addition of Na2SO4. Unless otherwise indicated, experiments
were carried out in the absence of buffers, which were not
needed to maintain pH because these experiments were carried
out at chemical equilibrium.

Steady-State Constants. A stopped-f low spectrophotometer
(model SX.18MV; Applied Photophysics, Surrey, U.K.) was used
to measure initial velocities of the hydration of CO2 by recording
the absorbance change of a pH indicator (18). Saturated CO2
solutions were made by bubbling CO2 into water at 25°C.
Syringes with gas-tight seals were used to make CO2 dilutions
from 17 mM to 1.4 mM. The pKa of the buffer indicator pairs and
the observed wavelengths were as follows: Mes (pKa 6.1) and
chlorophenol red (pKa 6.3, 574 nM), Mops (pKa 7.2) with
p-nitrophenol (pKa 7.1, 400 nM), Hepes (pKa 7.5) with phenol
red (pKa 7.5, 557 nM), Taps (pKa 8.4) with m-cresol purple (pKa
8.3, 578 nM), and Ches (pKa 9.3) and thymol blue (pKa 8.9, 590
nM). The buffer concentration was 25 mM unless otherwise
indicated, and the total ionic strength for each buffer-indicator
pair system was maintained at 0.2 M by the addition of the
appropriate amount of Na2SO4. The mean of four to eight
reaction traces of the first 5–10% of the reaction was used to
determine initial rates. The uncatalyzed rates were subtracted,
and the rate constants kcat and kcatyKm determined by nonlinear
least-squares methods (Enzfitter; Biosoft, Cambridge, U.K.).

Rate of Ester Hydrolysis. The catalysis of the hydrolysis of 4-ni-
trophenylacetate was measured by following the increase in
absorbance at 348 nM, corresponding to the isosbestic point of
nitrophenol and the nitrophenolate ion using the molar absorp-
tivity 5.0 3 103 M21zcm21 (19). A Beckman Coulter DU650
spectrophotometer was used and initial velocities were deter-
mined under the conditions given in the legend to Fig. 3. The
value of Km for catalysis was too large to measure because it
exceeded the solubility of substrate. As a result, we were limited
to observing catalytic rates that were first order in substrates
from which we obtained kcatyKm.

Results
Expression of Human CA XII Proteins in CHO Cells. The carbonic
anhydrase assays on cell lysates and secretion medium were used
to identify CHO clones expressing functionally active transmem-
brane and secretory forms of wild-type and mutant CA XII. The
secretory forms of wild-type and His64 mutants were affinity
purified, and their specific activities were initially compared by
using the CO2 hydration endpoint titration assay of Maren (12).
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By this assay, the specific activity of wild-type enzyme was
250–262 unitsymg. However, the replacement of His64 by Ala or
Arg resulted in reduced specific activities of 55 and 60 euymg,
respectively. When imidazole was present in the assay mix-
ture, the specific activity of mutant enzymes was increased by
30%, suggesting a role for His64 as a proton acceptor during
catalysis (8).

The recombinant CA XII proteins were characterized for their
apparent molecular mass by using SDSyPAGE followed by
Western blot. The results in Fig. 1 show a major polypeptide with
an apparent molecular mass of 44 and a minor band of 43 kDa,
for the full-length membrane form of CA XII (lane 1). The
doublet of wild-type CA XII is caused by carbohydrate variation,
which is similar to recombinant wild-type enzyme expressed in
COS cells that was shown to be reduced to a single band of 39
kDa by treatment with PNGase F (1). The apparent molecular
masses of the Q291X secretory forms of CA XII (hereafter
referred to as soluble forms of CA XII) were 41 and 39 kDa. The
broad bands reflect microheterogeneity in carbohydrates in the
overexpressed soluble forms of the enzyme.

Catalytic Properties of Human CA XII. The pH profile for the rate
constant kcatyKm for hydration of CO2 catalyzed by CA XII,
determined by stopped-flow spectrophotometry, shows a very
efficient enzyme with kcatyKm approaching diffusion control and
with the apparent pKa of the zinc-bound water at 7.1 6 0.1 (Fig.
2). The catalysis by CA XII of the hydrolysis of 4-nitropheny-
lacetate has a relatively small value of kcatyKm and an apparent
pKa of 7.1 6 0.1 (Fig. 3); this catalysis is inhibited by acetazol-
amide. This esterase function provides another estimate of the
pKa of the zinc-bound water in CA XII.

Oxygen-18 exchange catalyzed by three variants of soluble
human CA XII: wild type, H64A, and H64R showed maximal
values of R1y[E] that were identical within experimental uncer-
tainty (0.11 6 0.02 ms21). The rate constant R1y[E] is described
in Eq. 3 and contains rate constants for the steps of Eq. 1, the
interconversion of CO2 and bicarbonate. The similar values of

R1y[E] for these three variants indicate that the chemistry of this
catalytic interconversion is not greatly altered by the mutations
His643Ala and His643Arg. For wild type and H64A CA XII,
the values of kcatyKm derived from 18O exchange using Eq. 3 had
a more complex pH dependence than the values for kcatyKm
determined by stopped-flow shown in Fig. 2. This finding

Fig. 1. Western blot analysis of membrane-associated and soluble forms of
human CA XII. Cell extracts expressing wild-type CA XII or purified soluble
Q291X CA XII and H64A and H64R derivatives of Q291X CA XII were analyzed
by SDSyPAGE followed by Western blot using a polyclonal antibody against
human CA XII. The apparent molecular masses of the major polypeptides are
indicated in kDa.

Fig. 2. The kinetic constant kcatyKm (M21zs21) for the hydration of CO2 catalyzed
by (wild-type) human CA XII. Data were measured by stopped-flow spectropho-
tometry at 25°C using 25 mM of the buffers listed in the text. The total ionic
strengthwasmaintainedat0.2MbyadditionofNa2SO4. Solutionsalsocontained
5 mM EDTA. The solid line is a least-squares fit to a single ionization with pKa 5
7.1 6 0.1 and with a maximum of (3.4 6 0.3) 3 107 M21zs21.

Fig. 3. The kinetic constant kcatyKm (M21zs21) for the hydrolysis of 4-nitro-
phenylacetate catalyzed by human CA XII. Measurements were made at 25°C
using solutions maintained at an ionic strength of 0.2 M using Na2SO4 and
containing 5 mM EDTA and 25 mM of one of the buffers listed in the text. The
solid line is a least-squares fit with the maximal of kcatyKm at 90 6 2 and pKa

7.1 6 0.1.
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suggests that the catalysis of 18O exchange at chemical equilib-
rium may be subject to other features in the active site such as
nearby ionizations or the exchange properties of H2

18O at the
zinc that do not affect the initial velocity.

The pH profile for kcat for hydration of CO2 catalyzed by CA
XII can be fit to a single ionization with an apparent pKa at 8.0 6
0.2 and a maximal value near 4 3 105 s21 (Fig. 4). This aspect
of the catalysis is nearly as fast as the most efficient of the
carbonic anhydrase isozymes and its pH profile approximates the
pKa of the proton acceptor group. The turnover number that
characterizes catalysis by the carbonic anhydrases at steady state
is limited in rate by proton transfer (20). The rate constant
RH2Oy[E] measured at chemical equilibrium is also limited by
proton transfer (16) and measures the rate of release from the
enzyme of H2

18O (Eq. 2). The bell-shaped value for wild type
(Fig. 5) is characteristic of the efficient isozymes of CA and is
consistent with a predominant proton shuttle residue as de-
scribed by Eq. 4 with the values of constants given in the legend
to Fig. 5. The values of RH2Oy[E] at pH , 8 are much decreased
for the mutants H64A and H64R CA XII (Fig. 5), indicating a
role of His64 in catalysis. These data are consistent with His64
acting as a proton shuttle residue in CA XII as in CA II (8).

The values of RH2Oy[E] are identical for solubilized CA XII and
membrane-bound CA XII measured in particulate fractions (Fig.
6). The values of kcatyKm determined by 18O exchange using Eq. 3
were also identical for these two forms of CA XII (data not shown).

Discussion
Four active membrane-associated carbonic anhydrases have been
described to date. The first described was CA IV, a membrane-
associated, glycosylphosphatidylinositol-anchored enzyme ex-
pressed on the plasma membrane of lung epithelial cells (21, 22) and
endothelial cells of microcapillaries (23). It is a high-activity enzyme
that contributes to the high rates of CO2ybicarbonate flux across
membranes (14, 24, 25). The second membrane CA described was
CA IX, a multidomain protein that is like CA XII in that it also is

overexpressed in certain tumors (26–28) and in clear cell renal
carcinomas (3). Whether the CA activity of CA IX is required for
its transforming ability or the CA domain of CA IX protein might
function in a ligand-binding role analogous to the inactive CA
domain in RPTPb and RPTPg (29) remains to be established. A
fourth membrane CA (CA XIV) was described recently. This
membrane CA was cloned from mouse kidney by using a signal-
sequence trap method. CA XIV is highly expressed in kidney
membranes and is a high-activity enzyme, but has not been char-
acterized extensively (30).

Fig. 4. The pH dependence of the steady-state turnover number kcat (s21) for
the hydration of CO2 catalyzed by human CA XII determined by stopped-flow
spectrophotometry at 25°C. Solutions contained 5 mM EDTA and 25 mM of one
of the buffers listed in Materials and Methods. The solid line is a least-squares
fit with a maximal value of kcat at (4.0 6 1.7) 3 105 s21 and an apparent pKa of
8.0 6 0.2.

Fig. 5. The pH dependence of RH2Oy[E] (s21) catalyzed by human wild-type
CA XII (F), H64A CA XII (‚), and H64R CA XII (■). Conditions were as described
in Fig. 2. The solid line for wild-type CA XII is a least-squares fit of Eq. 4 to the
data yielding (pKa)acceptor 5 6.1 6 0.1; (pKa)donor 5 7.5 6 0.1; and kB 5 (2.9 6
0.2) 3 105 s21.

Fig. 6. The pH dependence of RH2Oy[E] (s21) catalyzed by human CA XII (F)
and membrane-bound CA XII (h). Conditions were as described in Fig. 2.
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CA XII was the third membrane CA described. It was cloned
and characterized initially from a renal cell carcinoma cDNA
expression library (1) and found to be regulated by the VHL
tumor suppressor gene (3). This observation may explain its
overexpression in renal cancer cells, which frequently show loss
of VHL expression (4). CA XII also was found to be expressed
in normal human colon and colorectal tumors (6) and in
endometrial epithelium (31). Recently, Parkkila et al. (7) re-
ported that invasiveness of tumor cell lines expressing cytosolic
CA II and CA XII was inhibited by the CA inhibitor acetazol-
amide. These results suggested that CA XII activity, alone or
together with CA II, might play a role in tumor invasiveness.

We characterized the kinetic properties of purified, soluble
forms of CA XII and showed that the membrane-associated form
is equally active in catalysis. We also studied H64A and H64R
mutants of the soluble CA XII to determine the role of the
conserved His64 in the catalytic mechanism. Such studies pro-
vide a framework for interpreting the possible role of CA XII in
acidifying the microenvironment of invasive tumors.

The maximal value of kcatyKm describing the catalysis of CO2
hydration by human CA XII is similar to that of another membrane-
bound isozyme, CA IV (24, 25), and also similar to CA I; moreover,
these values are only slightly lower than those for the most efficient
of the CA isozymes, CA II (Table 1). Of the rate constants
describing this catalysis at steady state, kcatyKm is the most relevant
to the physiologic function of CA XII. CA XII resembles CA IV
also in its relatively weak hydrolysis of 4-nitrophenylacetate, a
catalysis that is much smaller than that for CA II (Table 1). In terms
of maximal velocity or kcat, CA XII most closely resembles CA I
(Table 1). This places CA XII among the more efficient of the
isozymes in the a class of carbonic anhydrases, in contrast with CA
III, which is the least efficient.

We also measured the catalysis by CA XII of the exchange of
18O between CO2 and water. Here RH2Oy[E] describes the release
of H2

18O from the enzyme and is limited in rate by proton
transfer to the zinc-bound hydroxide (Eq. 2). The pH profile for
RH2Oy[E] is bell-shaped (Fig. 5), as observed for CA II (17), and
by using Eq. 4, yields a value for the rate constant kB near 3 3
105 s21 for intramolecular proton transfer (Fig. 5). The high-
activity carbonic anhydrase isozymes are efficient in part be-
cause of the proton shuttle residue, His64, which transfers
protons between the zinc-bound water or hydroxide and buffer
in solution (20). His64 in CA XII is consistent with this role as
shown in Fig. 5, in which values of RH2Oy[E] are decreased by as
much as 10-fold by the replacements His643 Ala and His643
Arg. This finding is very similar to observations of catalysis by
H64A CA II (8). Also consistent with a shuttle role of His64 in
CA XII is the selective inhibition of RH2O in wild-type CA XII
by cupric ions with an inhibition constant of Ki 5 1.9 6 0.2 mM
(data not shown); this inhibition has no effect on the rate of
interconversion of CO2 and bicarbonate in the 18O exchange
experiment. This result is also very similar to that observed with
other isozymes in which His64 acts as a proton shuttle (24).

The pH dependence of kcat for hydration of CO2 is determined
by the ionization of the proton acceptor His64 (8, 20); the data of
Fig. 4 estimate this pKa near 8 for CA XII. This pKa is also evident
in the interpretation according to Eq. 4 of RH2O in Fig. 5 in which
the pKa 7.5 is identified as attributable to His64. The pKa near 6.1
determined in Fig. 5 is too low to be assigned only to the ionization
of the zinc-bound water, which is estimated near pKa 7 in Figs. 2 and
3. Experimental uncertainties may account for this difference;
however, it is possible that RH2Oy[E] in this case does not reflect only
the ionization of the zinc-bound water but is influenced by other
ionizations near the active site or more complex features that
determine the exchange of H2

18O at the zinc. This may be the same
feature that added complexity to R1 described in Results.

The 18O exchange method is well suited to measuring catalysis by
membrane-bound carbonic anhydrase in particulate fractions. The
concentration of active sites is determined by titration with the
tight-binding inhibitor ethoxzolamide (Ki 5 2 nM). Such experi-
ments show that catalysis by membrane-bound CA XII is identical
to that of the solubilized, membrane-free preparation (Fig. 6). This
result might be expected for a carbonic anhydrase attached to the
membrane by an extension of or an addition to its C-terminal end.
This C-terminal end is located on the backside of the enzyme with
respect to the active site cavity in CA II (32) and CA IV (33). In any
case, the identity in the kinetic properties of the native transmem-
brane CA XII and secretory form of CA XII indicate that the
secretory form of CA XII could provide physiologically relevant
data in drug screening assays aimed at identifying isozyme-specific
CA inhibitors. Identification of an isozyme-specific inhibitor for CA
XII might be a useful adjunct in chemotherapy for cancers that
overexpress CA XII on their cell surfaces.
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toreková, S., Pastorek, J. & Sly, W. S. (2000) Proc. Natl. Acad. Sci. USA 97,
2220–2224. (First Published February 25, 2000; 10.1073ypnas.040554897)

8. Tu, C. K., Silverman, D. N., Forsman, C., Jonsson, B. H. & Lindskog, S. (1989)
Biochemistry 28, 7913–7918.

9. Barnea, G., Silvennoinen, O., Shaanan, B., Honegger, A. M., Canoll, P. D.,
d’Eustachio, P., Morse, B., Levy, J. B., LaForgia, S., Huebner, K., et al. (1993)
Mol. Cell. Biol. 13, 1497–1506.

10. Wary, K. K., Lou, Z. W., Buchberg, A. M., Siracusa, L. D., Druck, T., LaForgia,
S. & Huebner, K. (1993) Cancer Res. 53, 1498–1502.

11. Niwa, H., Yamamura, K. & Miyazaki, J. (1991) Gene 108, 193–200.
12. Maren, T. H. (1960) J. Pharmacol. Exp. Ther. 130, 26–29.
13. Sundaram, V., Rumbolo, P., Grubb, J. H., Strisciuglio, P. & Sly, W. S. (1986)

Am. J. Hum. Genet. 38, 125–136.
14. Zhu, X. L. & Sly, W. S. (1990) J. Biol. Chem. 265, 8795–8801.

Table 1. Maximal pH-independent values of catalytic constants
for wild-type human CA XII as compared with other prominent
isozymes of CA

Isozymes

CO2 hydration
4-Nitrophenylacetate

hydrolysis

kcatyKm, mM21zs21 kcat, ms21 kcatyKm, M21zs21
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